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Abstract 
Dissolving microneedles are especially attractive for transdermal drug delivery 
as they are associated with improved patient compliance and safety.  
Furthermore, microneedles made of sugars offer the added benefit of 
biomolecule stabilisation making them ideal candidates for delivering 
biological agents such as proteins, peptides and nucleic acids. In this study, 
we performed experimental and finite element analyses to study the 
mechanical properties of sugar microneedles and evaluate the effect of sugar 
composition on microneedle ability to penetrate the skin. Our results showed 
that microneedles made of carboxymethylcellulose/maltose and 
carboxymethylcellulose/trehalose are superior to those made of 
carboxymethylcellulose/sucrose in terms of both mechanical strength and skin 
penetration properties. Buckling was predicted to be the main mode of 
microneedle failure and the order of buckling was positively correlated to the 
Young’s modulus values of the sugar constituents of each microneedle. 
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1. Introduction
Microneedles offer a promising approach for delivering therapeutic 
compounds through the skin, thus avoiding the gastrointestinal and hepatic 
first pass metabolism that can degrade the bioactive compounds, as well as 
the discomfort and pain associated with hypodermic delivery [1]. Furthermore, 
readily dissolving microneedles offer the added benefit of being able to either 
deliver secondary controlled delivery vectors or simple bolus dose. 
Sugars are particularly attractive materials for delivering biomolecules 
via microneedles because in addition to, in the right combinations, forming 
mechanically strong microneedles that can penetrate the skin and rapidly 
dissolve, they are also known to act as stabilising agents. Sugars have 
commonly been used to increase the stability of nucleic acids and proteins, 
specifically saccharide excipients have been used to stabilise plasmid DNA [2]
and human erythropoietin alfa [3] coated on the surface of microneedles. 
Additionally, sugars have been used in vaccine coating formulations for 
microneedle-mediated delivery [4–11]. Solid microneedle arrays made entirely 
out of sugars and encapsulating live recombinant human adenovirus type 5 
have been shown to retain bioactivity, inducing potent multifunctional CD8+ T-
cell responses, when administered through the skin of mice, at levels 
equivalent with conventional injectable routes [12]. In another example, 
human growth hormone (hGH) encapsulated within dissolving microneedle 
patches made of carboxymethylcellulose and trehalose demonstrated similar 
pharmacokinetics to conventional subcutaneous injections and retained 
activity for up to 15 months of storage at room temperature and humidity [13]. 
The forces that microneedles experience, when penetrating the skin, 
are typically dependent on microneedle material and geometry. The effect of 
microneedle geometry such as needle length, and shape (conical and 
pyramidal triangular and square) has been examined through experiments 
and computational modeling [14–17]. Studies using the numerical simulator 
ANSYS showed that circular microneedles experience less bending stress 
than rectangular and square pyramidal microneedles [14]. In a separate study 
square pyramidal microneedles demonstrated enhanced skin penetration 
compared to conical microneedles whilst simulation analysis also predicted a 
lower force of failure. The effect of material was also examined using the 
carbohydrates carboxymethyl cellulose and amylopectin as reference 
materials. Amylopectin, due to its higher Young’s modulus value, proved to be 
a mechanically superior material for microneedles, compared to 
carboxymethyl cellulose [15].
In this study we performed a structural analysis of microneedles made 
from various sugar materials using both experimental measurements and 
modelling. Through systematic analysis we examined the effect of sugar 
composition on the mechanical properties of microneedles and their ability to 
penetrate the skin. Microneedle arrays of conical geometry, comprising of 1) 
carboxymethyl cellulose and sucrose (CMC/SUC), 2) carboxymethyl cellulose 
and maltose (CMC/MAL) and 3) carboxymethyl cellulose and trehalose 
dihydrate (CMC/TRD) at a 1:1 combination were prepared by the vacuum 
deposition method[18] and characterised by brightfield microscopy and SEM. 
Microneedle skin insertion was tested on porcine skin using brightfield / epi-
fluoresence microscopy to study skin puncture and confocal microscopy to 
study the skin penetration depth. Tensile tests were used to measure the 
Young’s modulus values of the sugar compositions and finite element analysis, 
using the Structural Mechanics module of COMSOL Multiphysics was 
performed to evaluate the effects of material on the stresses experienced by 
the microneedles. 
2. Material and methods
2.1 Microneedle fabrication
Microneedle arrays consisting of sodium carboxymethylcellulose 
(CMC) (average MW 250,000, Sigma-Aldrich, UK) and either sucrose, (SUC) 
(Sigma-Aldrich, UK), maltose, (MAL) (Sigma-Aldrich, UK) or trehalose 
dihydrate (TRD) (Sigma-Aldrich, UK) were prepared by the vacuum deposition 
method described by Martin et al.[18] Briefly, 200µl of 2% w/v solutions of 
sugar mixtures (1:1 w/w ratio of i) CMC/SUC, ii) CMC/MAL and iii) CMC/TRD) 
in water were injected onto a 1 cm2 inverted cone shaped silicone micromould 
comprising 324 needles of 750 µm height, 200 µm base diameter, and 600 
µm center-to-center spacing under vacuum. Following application of the sugar 
solutions, vacuum was released and the filled micromoulds were placed in a 
fume cupboard and allowed to dehydrate at room temperature for 3 days. The 
resulting microneedle arrays consisting of 1) 50 % CMC and 50 % SUC, 2) 
50 % CMC and 50 % MAL and 3) 50 % CMC and 50 % TRD, were 
characterised by brightfield / epi-fluoresence microscopy (Nikon measuring 
microscope MM-800) and scanning electron microscopy (Carl Zeiss XB1540).
2.2 Skin penetration
The skin puncturing properties of the microneedles were studied on 
full-thickness cadaver porcine skin from which subcutaneous fat had been 
removed. The skin was kept in the freezer until testing when it was thawed by 
briefly soaking in 37 oC water and then blow-dried. The sugar microneedles 
arrays (CMC / SUC, CMC / MAL and CMC / TRD) were applied to the skin for 
30 seconds with gentle thumb pressure ( ~ 5N) that was applied for the 
duration of the test. The punctured skin surface was exposed to green tissue-
marking dye (Fisher Scientific, UK) for 15 minutes after which any residual 
dye was wiped from the skin surface with tissue paper and swabbed clean 
with tap water. The treated skin was imaged and recorded under a 
microscope (Nikon measuring microscope MM-800). Confocal microscopy 
was used to determine the depth of skin penetration for each sugar 
microneedle array. Fluorescent sugar microneedles containing AlexaFluor 
488 C5 maleimide, 50µg/ml, (Life Technologies Ltd, UK), were prepared in a 
procedure similar to the one described in Section 2.1 and skin penetration 
evaluated using full-thickness cadaver porcine skin previously incubated 
overnight in phosphate buffered saline (pH 7.4) containing 10 µg/ml Hoechst 
trihydrochloride trihydrate (Life Technologies Ltd, UK). The fluorescently 
labelled sugar microneedle arrays were applied to the skin with gentle thumb 
pressure and after 10 min were removed and the skin samples examined 
using a Leica SP5 confocal laser-scanning microscope equipped with an Ar 
laser and 20x objective.
2.3 Tensile tests
Digital Image Correlation (DIC) was used to measure the strain 
distributions during tensile evaluation. Displacement measurements were 
made using a Dantec Dynamics DIC system (Dantec Dynamics A/S, , 
Tonsbakken, Denmark) with two cameras and ISTRA4D software, on the 
narrow part of a “dog bone” structure consisting of the sugar composites used 
to prepare the microneedles. The strain values used in the analysis were the 
average strains over the narrow part of the structures, as calculated by the 
DIC software. The “dog bone” structures of the three sugar materials (CMC / 
SUC, CMC / MAL and CMC / TRD) were prepared by first dissolving the 
sugar mixtures in water at 2 % w/v composition, and then layering the 
solutions on a PDMS sheet, which was left in a fume hood to dehydrate for 3 
days. The resulting sugar film was cut to a “dog bone” shape using a template 
with a parallel gauge length 40mm long and 6.5mm wide.
2.4 Simulations
Simulations were performed using the Structural Mechanics Module of 
COMSOL Multiphysics (www.comsol.com). Simulations were performed on a 
single microneedle, the design of which was based on a 3D cone-shaped 
structure of dimensions 750 µm height, 200 µm base diameter and 10 µm tip 
diameter. The needle structures were treated as linear elastic materials using 
the Young’s modulus values and densities measured for each sugar 
composition (Table 1), and an estimated value of 0.3 for Poisson’s ratio. Two 
cylindrical structures were used to simulate the epidermis (including both the 
stratum corneum and viable epidermis) and dermis of the skin having the 
following dimensions, 600 µm diameter and 100 µm height for the epidermis 
and 600 µm diameter and 1000 µm height for the dermis. The skin structure 
was treated as a linear elastic material using 1 MPa as the Young’s modulus 
value for the epidermis [19] and 0.066 Mpa for the dermis[20]. Both epidermis 
and dermis were treated as nearly incompressible materials with Poisson’s 
ratio 0.495. The Solid Mechanics interface was used to define the quantities 
and features for stress analysis, solving for the displacements. Von Mises
stress and microneedle / skin deformation was simulated at static equilibrium 
using stationary analysis, during axial loading at the base of the needle for 
force values ranging from 0.1 to 17N. A fixed constrain was applied at the 
bottom surface of the dermis and movement of the needle base was allowed 
only for the axial direction. Linear buckling analysis was used to estimate the 
critical load at which the microneedle will become unstable. The critical load 
factor, of the microneedles was simulated during axial loading for 5N applied 
force, for the case where one end, the microneedle tip, is fixed in position and 
the other end, the microneedle base, is allowed to move only in the axial 
direction. 
3. Results
3.1 Microneedle fabrication and characterisation
Sugar microneedles have been fabricated using different approaches 
including casting a viscous aqueous solution of sugars onto a microneedle 
inverse mould and then using centrifugation to force the liquid in to the mould
[9,15] or by casting sugar-melts in the form of a microneedle array [21]. 
Microneedles made of maltose have also been prepared by stepwise 
controlled drawing lithography by controlling the drawing time and the solution 
viscosity [22]. In this study, we used vacuum deposition [18] to prepare the 
sugar microneedles. The methodology involves depositing a solution onto an 
inverse microneedle mould, so as to achieve complete coverage that is 
contained within an evacuated chamber.  When the vacuum is released gas 
pressure forces the solution into the mould so as to completely fill the mould’s 
micron-scale cavities. Using this approach microneedle arrays, were prepared 
using three CMC / sugar composites (CMC / SUC, or CMC / MAL, or CMC / 
TRD). The resulting microneedle arrays were imaged by SEM and light-
microscopy (Fig. 1) and were shown to possess close reciprocal geometries 
to the mould (750µm length, 200µm base diameter, 10µm tip diameter) and a 
tip-to-tip needle spacing of 600µm. The microneedle arrays were stored at 
ambient temperature and relative humidity and, based on microscopic 
observation, were capable of retaining an unchanged geometry for at least 
two months.
Figure 1: Sugar microneedle array images. A) Scanning electron micrographs 
of a CMC/TRD microneedle array at low magnification (scale bar = 200µm) 
and high magnification (scale bar = 20µm). B) Microscopic images with x5 
magnification of a CMC/SUC, CMC/MAL and CMC/TRD array. 
3.2 Skin penetration studies
Skin penetration was tested in ex vivo porcine skin samples with the 
aim of assessing both ability and depth of microneedles penetration.




breach locations were observed with separation distances of approximately 
550µm, consistent with the microneedle array spacing (Fig. 2B). Furthermore, 
microscopic observation of the microneedles after skin puncture showed that 
the microneedles remained intact.  Evidence of bending at microneedle tips 
was clear throughout the array for the CMC/SUC arrays while for the 
CMC/MAL and CMC/TRD arrays tip-bending was observed only for 
microneedles located at the edge of the arrays. 
Figure 2: A) Microscopic images of microneedle arrays of CMC/SUC, 
CMC/MAL, CMC/TRD, after being inserted into the skin for 30s B) 
Microscopic images of the punctured skin after testing with CMC/SUC, 
CMC/MAL, CMC/TRD microneedles, for 30s. 
Confocal microscopy was subsequently used to evaluate the depth of 
skin penetration using fluorescently labelled microneedles. Maximum 
fluorescence depth at 5 skin breach locations, per sample, was measured and 
a mean value determined (Fig. 3). Maximum mean fluorescence depths of 35 
µm for CMC / SUC microneedles, 90 µm for CMC / MAL microneedles and 65 
µm for the CMC / TRD microneedles were recoded. The actual depth of skin 





experiment since the technique has limited detection sensitivity, due to 
significant attenuation and scatter of both excitation and emission 
wavelengths by the epidermis [23]. 
Figure 3: Z-stack images of punctured skin after being tested with 
fluorescently-labelled microneedles of CMC/SUC, CMC/MAL, and CMC/TRD 
sugar compositions, for 10min. Green colour represents the recorded 
fluorescence due to the diffusion of AlexaFluor488 from the microneedles to 
the skin (top of the skin is at the left-hand side).
3.3 Structural analysis
The mechanical properties of the sugar materials were initially 
assessed using the load acquired from the test machine and the strain 
measurements calculated by the DIC analysis. Knowledge of the specimen 
dimensions allowed the stress to be calculated from the load and so plots of 
stress against strain were generated (Fig. 4). The CMC / MAL and CMC / 
TRD sugar combinations showed linear behavior up to the point of failure by 
fracture that is typical of brittle materials, such as glass. On the other hand, 
the CMC / SUC sugar combination gave a more flexible material with slight 
evidence of non-linearity at small strains. However, the linearly elastic region 
was prominent and a Young’s modulus value was derived. In addition, 
ultimate tensile strengths were determined at the highest point in the stress / 








Figure 4: Stress vs. strain curves obtained from tensile tests for the sugar 
materials consisting of 1:1 ratio of A) CMC/SUC, B) CMC/MAL and C) 
CMC/TRD.
Table 1. Young’s modulus and ultimate tensile strength for CMC / SUC, CMC 
/ MAL, and CMC / TRD sugar compositions. 
Sugar composition 





CMC/SUC 1624 Kg/m2 2.20e7 Pa 2.21e7 Pa
CMC/MAL 1812 Kg/m2 7.42e9 Pa 7.44e9 Pa
CMC/TRD 1439 Kg/m2 5.69e9 Pa 5.66e9 Pa
Computationally, the compressive forces acting on the microneedle 
can be described by the calculated von Mises stress, which refers to the 
combined principal stresses (in the x, y, z dimensions) acting on an elastic 
body that is subject to a system of loads. The von Mises values can be used 
to predict whether a particular design will fail; this will occur if the maximum 













strength of the material. Furthermore, slender structures often show sudden 
failure when subject to compressive loads even though the stress at the point 
of failure is less than the maximum stress that the material can withstand. 
This mode of failure is known as buckling and can be studied computationally 
using a linear buckling analysis to estimate the critical load factors. In our 
simulation analysis we considered an ideal situation where a coaxial force is 
applied at the base of the microneedle giving rise to compressive and 
buckling forces only, treating bending forces as negligible. Stationary and 
linear buckling analyses were employed to solve for the von Mises stresses 
and the critical buckling loads in a single microneedle with conical geometry 
and dimensions matching the tested microneedles. Although the skin is not 
linearly elastic [24] and its deformation may not have been accurately 
predicted, the microneedle material did exhibit linear behaviour and therefore,
a linear elastic model was deemed appropriate to predict the load/stress for 
the needles. Figure 5A shows a 3D plot of the surface von Mises stress 
calculated when an axial load is applied to the base of the microneedle. The 
areas coloured in red depict the areas that experience the most stress. 
Figure 5: A) Finite element analysis of the surface von Mises stress when 
axial load, 5N, is applied on the base of a CMC/MAL microneedle of conical 
shape. The skin is simulated as a union of cylindrical structures comprising 
the epidermis and dermis. B) Buckling mode prediction for a CMC/MAL 
microneedle when axial load is applied at the base of the microneedle and a 
fixed constraint is forced at the tip of the microneedle.
B)A)
The predicted stresses were calculated for a single needle and adapted for a 
18 x 18 microneedle array by dividing by the total number of the needles in 
the array (Table 2). A parametric sweep of applied forces was used until the 
predicted stress values for the microneedle arrays reached the values of the 
ultimate tensile strength for their corresponding sugar material. The calculated 
von Mises stresses for the CMC/SUC microneedles exceed the ultimate 
stress value for the material constituent, 2.21e7 Pa, when the applied force 
exceeds 0.1N. On the other hand, the von Mises stresses for the more rigid 
CMC / MAL and CMC / TRD sugar constituents, do not reach their ultimate 
tensile stress values until the applied forces exceed 17N and 13N, 
respectively. 
Table 2. Calculated von Mises stresses for a CMC / SUC, CMC / MAL and 
CMC / TRD microneedle. Values were measured using the Structural 
Mechanics module of COMSOL Multiphysics for a single microneedle based 
on which a value was estimated for an 18 x 18 array. The values highlighted 
in bold indicate the approximate force at which the predicted von Mises 
stresses reach the ultimate tensile strength of the material.
F 
(N)


















0.1 7.40e9 2.28e7 1.43e10 4.41e7 1.43e10 4.41e7 
1 7.40e10 2.28e8 1.43e11 4.41e8 1.43e11 4.41e8 
2 1.48e10 4.57e8 2.86e11 8.83e8 2.86e11 8.83e8
3 2.21e11 6.58e8 4.29e11 1.32e9 4.29e11 1.32e9 
4 2.96e11 9.13e8 5.72e11 1.76e9 5.72e11 1.76e9 
5 3.70e11 1.14e9 7.17e11 2.21e9 7.15e11 2.21e9 
10 7.40e11 2.28e9 1.43e12 4.41e9 1.43e12 4.41e9 
13 9.63e11 2.97e9 1.86e12 5.47e9 1.86e12 5.74e9 
15 1.11e12 3.43e9 2.15e12 6.63e9 1.43e12 4.41e9 
17 1.26e12 3.89e9 2.43e12 7.50e9 2.43e12 7.50e9 
Linear buckling analysis was performed to evaluate the force of failure 
due to buckling for the three sugar microneedle arrays. The predicted critical 
load factor, l, for the microneedle was predicted for an applied force of 5N
and the critical buckling force was obtained by multiplying the applied force by 
the critical load factor. When the applied force is higher than the critical 
buckling force, or when the critical load factor, l, has values less than 1, then 
buckling occurs. The predicted critical load factors for the single microneedles 
were adapted for an 18 x 18 microneedle array by multiplying by the total 
number of the needles in the array (Table 3). 
Table 3. Calculated critical load factors, l, and critical loads, Fcrit., for a CMC / 
SUC, CMC / MAL and CMC / TRD microneedle. Values were measured using 
the Structural Mechanics module of COMSOL Multiphysics for a single 
microneedle based on which a value was estimated for an 18 x 18 array. The 
applied force used for the buckling analysis was 5N.
Sugar l Fcrit. (N)
Per needle 18x18 array 18x18 array
CMC/SUC 2.72e-5 0.0088 0.04 
CMC/MAL 0.0092 3.0 15
CMC/TRD 0.0070 2.3 11
The critical buckling force for the array is estimated by multiplying the 
predicted critical load factors by the applied load. Based on these results, the 
critical buckling force for the sugar microneedle arrays was calculated to be 
0.04 N for CMC / SUC, 15 N for CMC / MAL and 11 N for CMC / TRD. This 
indicates that microneedle arrays made of CMC / SUC are likely to experience 
failure due to buckling as the required force of insertion to the skin [25] is 
higher than their critical buckling force.  On the other hand, the values of the 
critical buckling forces for the CMC / MAL and CMC / TRD microneedles are 
much higher than the insertion forces indicating that both arrays can be 
inserted in the skin without failing from buckling. Figure 5B shows the 
predicted buckling mode and the point-of-failure, which is the area coloured in 
red. The same buckling mode has been predicted for all the sugar 
microneedles.
4. Discussion
Sugar microneedles are particularly attractive vesicles for delivering 
biological agents because they both facilitate safe and rapid delivery through 
the skin and offer improved biomolecule stability. While sugar based 
microneedles are useful materials for incorporating biomacromolecules, the 
resultant device can have storage and stability problems itself due to their 
inherent hygroscopic nature leading to instability and poor storage prognosis 
at ambient relative humidities [26]. One way of increasing the long-term 
stability of sugar microneedles is by combining different substituents of 
different elasticity and rigidity. Celluloses are known to be stiffer materials 
than sugars [27] and mechanically strong microneedles have been made by 
combining carboxymethylcellulose and lactose [12]. 
Most published studies on sugar microneedles focus on the delivery 
potential of devices and not on structural aspects of the microneedles 
themselves. Systematic mechanical analysis of microneedles, is highly 
desirable since this would provide insight into their practical usefulness as 
drug delivery systems and whether they will be effective in a given application. 
In this work we prepared sugar microneedles by combining the disaccharides, 
sucrose, maltose or trehalose, with the polysaccharide, 
carboxymethylcellulose. The aim was to produce mechanically strong, yet 
rapidly dissolving, microneedles by manipulating the elastic properties of 
sugar combinations and to investigate the effect that the choice of material 
has on the mechanical and skin penetration properties of the microneedles.
When microneedles are applied to the surface of the skin they will 
easily be deformed due to its viscoelastic properties. As such, the design and 
choice of material will have a critical role in determining whether they will 
effectively penetrate the skin. Assuming that a microneedle is loaded into the 
skin with coaxial force, then the typical forces that the microneedle will 
experience are compressive and buckling. In real applications however, 
lateral movements are also generated giving rise to bending forces as well. In 
an ideal situation the bending forces can be ignored so that the compressive 
and buckling become the main forces acting on the microneedles. For slender, 
high aspect ratio microneedle geometries, buckling is most likely to be the 
major mode of mechanical failure [16]. Accordingly in this study, buckling was 
observed, mainly for the sugar microneedles made of CMC/SUC whereas, 
none of the microneedles tested experienced failure from fracture.
            The critical buckling load for a microneedle (F) can be described by 
Euler’s buckling formula for a cylindrical column, (Eq. 1), where E, is the 
elasticity factor of a material described by Young’s modulus, d, the area 
moment of inertia that is dependent on geometry, K, the column effective 
factor that is determined by the boundary conditions and L the unsupported 
length of the column.
All other factors being equal, as in this case for sugar microneedles 
possessing the same geometry, then based on Euler’s formula the elasticity of 
the material will determine the critical buckling load. Consequently, based on 
the Young’s modulus values for the three sugar constituents (Table 1), the 
critical load that CMC / SUC microneedles can withstand before buckling 
Eq.1
would be much lower than that for CMC / TRD and CMC / MAL microneedles. 
Based on the simulations the CMC / SUC microneedles are likely to buckle 
when the applied axial force exceeds 0.04N. The typical force that is required 
for a microneedle array to puncture the skin can be as low as 0.1N [25], 
depending on microneedle material and geometry, and consequently, the 
CMC/SUC microneedles should fail from buckling before skin penetration is 
achieved. Interestingly, the predicted buckling mode for the microneedles 
shows the point of failure to be slightly above the tip (Fig. 5B). This indicates 
that even in the event when the insertion force is higher than the critical 
buckling threshold, as is the case of the CMC / SUC microneedles, the 
microneedles may still puncture the skin and penetrate to a certain depth 
before failing. The depth of skin penetration can be correlated to the critical 
buckling force. Best skin penetration was demonstrated by CMC / MAL 
microneedles. These also had the highest predicted critical buckling force 
(closely followed by the CMC / TRD microneedles). Finally, the CMC / SUC 
microneedles, that penetrated least effectively, had the lowest predicted 
critical buckling force. Combined these results suggest that whereas the CMC 
/ SUC microneedles are unlikely to be of any practical use, microneedles 
made from CMC / MAL and CMC / TRD are likely to sufficiently penetrate the 
skin without failing.
Conclusions
Despite the great therapeutic potential presented by solid dissolving 
microneedles, useful demonstration of their efficacy has been limited, mainly 
due to weak mechanical strength. Methods for measuring the mechanical 
properties and for predicting performance of dissolving microneedles are 
therefore highly desirable. In this study we undertook experimental and 
computational analyses to investigate the mechanical properties of sugar 
microneedles. Both predictions and experiments showed that microneedles 
made of CMC / MAL and CMC / TRD are superior to those made of CMC / 
SUC in terms of both mechanical strength and skin penetration properties. 
Simulation analyses revealed the main reason for mechanical failure to be 
buckling and showed a correlation between the Young’s modulus of the sugar 
constituents and the predicted critical buckling load of the microneedles and 
the depth of skin penetration. The fact that an agreement between 
experimental data and simulation could be demonstrated, shows that 
computational models can be useful to provide a qualitative view as to how a 
microneedle device will behave when pushed on to the surface of the skin.  
This, therefore, appears to be a valuable approach for predicting microneedle 
performance, and therefore for guiding design and materials selection, prior to 
fabrication.
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